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Abstract A collaborative international program was
initiated to identify and describe the genetic diversity of
living germplasm collections of Theobroma cacao geno-
types that are maintained in several international col-
lections scattered throughout tropical cacao growing
countries of the world. Simple sequence repeat (SSR)
DNA analysis was identified as the most appropriate
molecular tool for DNA fingerprinting these collections
during an international forum representing academic,
government and industry scientists in the cacao com-
munity. Twenty-five SSR primers, which had been pre-
viously described, were evaluated as potential candidates
to define an efficient, standardized, molecular finger-
printing protocol for T. cacao accessions. These primers
have been evaluated for reliability, widespread distri-
bution across the cacao genome, number of alleles
produced by the SSR primers in cacao and their ability
to discriminate between cacao accessions. Approxi-
mately 690 cacao accessions were used to evaluate the
utility of these SSR primers as international molecular
standards, and a small number of test samples of
T. cacao were sent to two other independent laboratories
for verification. DNA fragments were selectively ampli-

fied by PCR, using the SSR primers labeled with
fluorescent dyes, and separated by capillary electro-
phoresis. Based on this study, the 15 SSR primers that
had the highest reproducibility and consistency within a
common genotype, while allowing the differentiation of
separate divergent genotypes, were selected as interna-
tional molecular standards for DNA fingerprinting of
T. cacao.

Introduction

Theobroma cacao, the tree that produces the fruit from
which chocolate is derived, is endemic to tropical regions
of Central and South America. Currently, cocoa is
commercially produced throughout warmer climates in
South and Central America, Africa, South East Asia
and numerous tropical islands. Production of cocoa has
a major economic impact on selected regions of the
world economy and generates an $8.6 billion chocolate
industry in the US (McBride 2002). Although a cacao
pod may produce from 25 to 55 seeds per pod, the seeds
do not remain viable for much longer than a week once
the pod has been harvested (Coe and Coe 1996). This
requires that germplasm collections of T. cacao be
maintained as living collections in the tropical environ-
ments to which they are adapted. In cocoa producing
countries, some of these cacao tree collections date back
more than 180 years and are propagated via rooted
cuttings or are grafted onto common rootstocks (Wright
1999). Accurate records describing the site of collection
of the cacao from wild sources and documents regarding
the diversity of the original collections are typically
limited. In addition, the logistics of maintaining a living
tree collection in a tropical rain forest environment face
numerous challenges. Physical labels that identify indi-
vidual trees have often been destroyed or lost and mis-
identification of the germplasm is common. Frequently,
when individual trees die, they are replaced with differ-
ent genotypes of cacao accessions without amending the
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collection records. It has been estimated that in some
major international collections, the misidentification of
cacao accessions could be as high as 20–30% of the trees
in the germplasm collection (Christopher et al. 1999;
Motilal et al. 2002; Saunders et al. 2001a).

Some selective improvement of cacao has been
accomplished through genetic crosses made by plant
breeders since the 1930s. However, organized crop
improvement, through scientific crop enhancement
programs that are common in annual crops, is cer-
tainly not advanced in this tree crop. To facilitate the
improvement of T. cacao using modern breeding
techniques, the correct identification of accessions
within existing cacao collections is an essential initial
step (Young 1994). Typically, it takes 3–6 years to
produce a sexually mature cacao tree suitable for use
in a breeding program. Partly because of this pro-
longed breeding cycle, cacao has been maintained in a
state of wild cultivation for almost 2,000 years with
only modest crop improvement characteristic of other
modern cultivated crops. In addition, attempts to
characterize the genetic diversity of the international
cocoa germplasm collections using molecular tech-
niques have been complicated by a lack of consistency
in the techniques that have been used, as well as the
high ratio of mislabeled accessions in these collections
(Motamayor and Lanaud 2002).

DNA fingerprinting in plants can be adapted to
numerous applications and uses, including character-
izing individual plants to clarify errors in the identi-
fication of accessions and cultivars (Saunders et al.
2001b; Chavarriaga-Aguirre et al. 1998). It is also a
useful technique to study genetic diversity within
breeding populations of a crop, once the identity of
individuals has been established (Degani et al. 2001;
Saunders et al. 1999). Several molecular techniques
and procedures can be employed for DNA finger-
printing in plants, each of which has its strengths and
weaknesses. Simple sequence repeat (SSR) analysis is
particularly useful due its ability to detect heterozyg-
otes and because of the ease of scoring and analyzing
data from large numbers of samples (Bredemeijer
et al. 1998). A number of researchers have suggested
the need for a core set of SSR DNA primers to fin-
gerprint cocoa to cultivar type (Charters and Wilkin-
son 2000). We have analyzed 691 cacao accessions
held at either the USDA cacao germplasm collection
in Puerto Rico, the CATIE cacao germplasm collec-
tion in Costa Rica or the International Cacao Germ-
plasm collection held by the Cocoa Research Unit in
Trinidad and Tobago. Twenty-five SSR primers pre-
viously described by Lanaud et al. (1999, personal
communication) were suggested by these researchers to
be used to evaluate the utility of this technique as a
high-throughput DNA fingerprinting protocol. This
report describes the results based on these analyses,
and 15 SSR primers described in this report were se-
lected to serve as proposed international molecular
standards for DNA fingerprinting T. cacao.

Materials and methods

Plant material

The cacao samples used for these DNA fingerprinting
profiles included 691 individual cacao accessions from
three separate international germplasm collections, to
represent the widest diversity possible in the analysis
profiles. These germplasm centers consisted of the
USDA cacao germplasm collection held in Mayaguez,
Puerto Rico; the CATIE cacao germplasm collection
held in Turrialba, Costa Rico; and the International
Cacao Germplasm collection held by the Cocoa Re-
search Unit in Trinidad and Tobago. Fresh young leaves
(4–5 per tree) were collected from each tree that could be
identified from the cacao germplasm database records
and stored at room temperature in stapled paper bags to
prevent moisture accumulation. The plant material was
shipped to the US USDA labs within 7 days and then
frozen for subsequent analysis. The location of each tree
sampled was recorded and a permanent label attached to
the tree to indicate a typed specimen.

DNA isolation

DNA was isolated from 50 mg samples of T. cacao
young leaf material using either the DNA X-tract Plus
kit (D2 BioTechnologies , Atlanta, Ga., USA) or the
DNeasy Plant System (Qiagen, Valencia, Calif., USA).
Both commercial DNA isolation procedures yielded
DNA from T. cacao that was suitable for microsatellite
analysis. For either method, the air-dried or frozen leaf
samples were first cut into small pieces with scissors and
placed in a 2-ml tube, sandwiched between two 6 mm
ceramic spheres with a garnet matrix (Qbiogene, Carls-
bad, Calif., USA). Lysis solution was added following
the manufacturers’ recommendations and samples were
homogenized in a shaker-basher (Bio101 Fast Prep,
Qbiogene) at oscillation speed 5.0 for 40–45 s as
described previously (Saunders et al. 2001a).

For extraction with the DNA X-tract Plus kit, lysis
was achieved using 600–700 ll solution 1 during
homogenization, the samples were centrifuged 30 s at
low speed (3,000g), and 175 ll of solution 2 was added
to the homogenate. Tubes were vigorously mixed by
inversion, incubated at room temperature for 10 min,
centrifuged at 5,000g for 2 min, and the supernatants
were transferred to 1.5 ml microfuge tubes. An equal
volume of chloroform was added to the supernatant and
the tube was vigorously inverted until homogenous.
Samples were then centrifuged at 12,000g for 5 min to
separate the phases, the aqueous (upper) layer was
transferred to a new tube, and the chloroform extraction
step was repeated. The final upper aqueous phase (about
375–500 ll) was transferred to a clean 1.5 ml tube,
600 ll of DNA precipitation solution was added and
samples were incubated on ice for at least 30 min. DNA
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was precipitated by centrifugation at 12,000g. The DNA
pellet was washed in 1 ml 70% ethanol, centrifuged at
12,000g for 5 min, dried and resuspended in 200 ll
sterile water.

DNA extraction was modified from the DNeasy
Plant system, which required 700 ll warm (up to 65�C)
buffer AP1 for lysis during homogenization. Samples
were centrifuged for 30 s at low speed (4,000g), and 7 ll
of RNase A stock solution (100 mg/ml) was mixed into
each tube until no tissue clumps were visible. The mix-
ture was incubated for 20 min at 65�C, and the tubes
were inverted twice during incubation. Addition of
228 ll buffer AP2 to the lysate and incubation on ice for
5 min precipitated detergent, proteins and polysaccha-
rides. The slurry was decanted and scraped into a QIA
shredder spin column within a 2-ml collection tube. The
column–tube assembly was centrifuged at 12,000g for
2 min in a microcentrifuge. The clear filtrate (500 ll)
was transferred to a 1.5-ml microfuge tube. Buffer AP3
(0.5 volume) and 100% ethanol (one volume) were ad-
ded to the lysate and the solution gently mixed by pip-
etting. Up to 650 ll sample mixture (including any
precipitate that formed), was applied to the DNeasy spin
column, which was placed in a 2-ml collection tube. The
assembly was centrifuged 1 min at 12,000g, to bind the
DNA to the column membrane, and the filtrate dis-
carded. The remaining sample mixture was applied to
the same column, and the procedure was repeated. The
collection tube was replaced by a clean 2-ml tube, the
column was washed two to three times by adding 500 ll
buffer AW (containing ethanol) onto the DNeasy col-
umn, centrifuging 1 min at 12,000g, and discarding the
filtrate. Following the final wash, the column–tube
assembly was centrifuged for 2 min at 12,000g to dry the
column membrane and the collection tube was dis-
carded. The DNeasy column was transferred to a clean
1.5 ml microcentrifuge tube and DNA was eluted from
the membrane by pipetting 100 ll of preheated (65�C)
Buffer AE directly onto the DNeasy column membrane,
followed by incubation for 5 min at room temp, then
centrifugation for 1 min at 12,000g. The elution step was
repeated yielding a final volume of 200 ll DNA solu-
tion.

The presence of DNA was verified by quantitation of
double-stranded DNA concentration with PicoGreen
(Molecular Probes, Eugene, Ore., USA) using a Fluo-
roskan Ascent microplate reader equipped with
485/538 nm excitation/emission filter settings (Labsys-
tems, Helsinki, Finland).

SSR analysis

Primer sequences for amplification of microsatellite loci
in T. cacao have been described previously (Lanaud
et al. 1999; Risterucci et al. 2000). Primer sets were
synthesized by Research Genetics (Huntsville, Ala.,
USA). Forward oligonucleotides were 5¢-labeled with
three separate WellRED fluorescent dyes [black (D2),

green (D3) and blue (D4)]. PCR reaction mixtures
consisted of 3 ll containing 10–150 ng of genomic DNA
template, 1.0 ll of a stock solution containing both
forward and reverse primers (10 lM each) and 20 ll
Platinum PCR SuperMIX (Life Technologies, Invitro-
gen, Carlsbad, Calif., USA), which contained an addi-
tional 0.6 U of Platinum Taq (Life Technologies) for a
total volume of 24 ll. PCR amplifications were per-
formed with a GeneAmp PCR System 9700 (Applied
Biosystems, Foster City, Calif., USA) with the following
profile: 95�C for 5 min; followed by 35 cycles of 94�C for
30 s, either 46�C or 51�C for 1 min (depending upon the
annealing temperature of the primer pair), 72�C for
1 min; followed by a hold at 60�C for 15 min.

The amplified microsatellite loci were separated by
capillary electrophoresis and analyzed on a CEQ
8000XL eight-channel capillary DNA Analysis System
(Beckman Coulter, Fullerton, Calif., USA) to determine
the size of the amplified microsatellites. The capillary
injection consisted of a 30 s electrophoresis at 2.0 kV
from a mixture of 0.3 ll CEQ DNA size standard-400
(Beckman Coulter ), 1.0 ll of PCR-amplified DNA
fragments and 29.7 ll sample loading solution contain-
ing deionized formamide. The CEQ 8000XL Frag-3
profile was used with running conditions of: capillary
temperature 50�C, denaturation temperature 90�C for
120 s, and separation voltage 6.0 kV for a run time of
35 min. Data analysis was performed using the CEQ
8000XL Fragment Analysis software version 5.0
according to manufacturers’ recommendations
(Beckman Coulter).

Results

A total of 691 accessions of T. cacao were used to
evaluate 25 SSR primers flanking dinucleotide repeating
motifs described previously by Lanaud et al. (1999). The
salient characteristics of the 15 primers that were se-
lected are listed in Table 1.

A number of criteria were used for the selection of the
specific SSR primers to serve as the international stan-
dard molecular markers for cacao. The first criterion
was the reliability and consistency of the primer’s ability
to amplify its respective locus during the PCR amplifi-
cation reactions. Table 1 shows the optimal annealing
temperatures empirically determined for each primer
PCR reaction (46 or 51�C), which was used to ensure the
reliability of each primer. Although many of the SSR
primers that were tested were reliable, the selection of
the best primers to serve as international standards for
cacao DNA fingerprinting was also based on several
additional factors. One other major criterion was to
select the primers encompassing loci that showed the
largest number of polymorphic alleles, since these were
the most discriminating loci, using the samples tested in
this study. Primers were also selected for their ability to
amplify non-overlapping DNA fragments in order to
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facilitate multiplexing with standard capillary electro-
phoretic separation profiles. Even with the use of three
differential dyes for sample identification (in addition to
the red dye reserved for the internal standards within
each capillary run), overlapping peaks tended to
interfere with accurate analysis of the DNA fragment
patterns. By selecting SSR primers that produced non-
overlapping DNA fragments of alleles between different
loci, this problem could be avoided. Finally, primers
were selected that encompassed loci on the greatest
number of chromosomal regions to represent the widest
diversity in the physical genome of cacao. Within the 15
loci chosen for these SSR DNA profiles, nine of the ten
cacao chromosomes of T. cacao were represented. Using
these criteria, the optimal 15 SSR primers were selected
to serve as international molecular standards for T. ca-
cao as shown in Table 1. These represent the optimal
SSR primers based on quality evaluation of over 10,000
SSR DNA profiles (excluding data for primers not
shown).

By using multiplexed primers with different dyes,
three SSR DNA fragment analysis profiles could be
separated and analyzed in each column during a single
run of the capillary electrophoresis analysis system.
Figure 1 shows a typical electrophoretogram of one such
analysis depicting DNA fragment patterns from three
pairs of SSR primers (Y16986, Y16988, Y16985). SSR
analysis produced allelic bands of variable sizes for each
primer and the template DNA under investigation.
Individual samples that are heterozygous for a single
locus defined by a SSR primer pair will produce two
DNA fragment sizes in the DNA profile while samples
from parental lines that are homozygous for a loci will
show a single peak. As seen in Figure 1, PMCT-45
(CATIE accession 19576), a sample of T. cacao taken
from the international germplasm collections held in
CATIE, Costa Rica, is heterozygous for two of the
primer pairs (Y16986 and Y16985) and homozygous for
a locus of the third primer pair (Y16988). The CATIE
collection has two living plants labeled with this acces-
sion number, and the germplasm was purportedly
acquired from Nicaragua. We have thus far identified 17
alleles of locus Y16986, 14 alleles of Y16988 and 16
alleles of locus Y16985.

Simple sequence repeat regions of the genomic DNA
are typically located in non-coding regions of the gen-
ome and thereby are prone to be highly variable. This
variability in the repeating unit, or occasionally in its
flanking regions, typically produces several different
allelic DNA fragment sizes that can result from the SSR
primers pairs designed to amplify across the repeating
region. By analyzing 691 different cacao accessions from
the three different germplasm collections, a composite
allele list for each of the 15 SSR primer loci was gener-
ated as shown in Table 2. Variation among this allele list
of 176 DNA fragment categories provided the basis for
differentiating between accessions in the diverse collec-
tion of cacao samples assayed in this report. The specific
DNA fragment size categories depicted in the allele listT
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reflect the ranges of peaks that have been observed using
the SSR primer pairs and cacao samples in this study. In
evaluating the population of T. cacao used for this
study, efforts were made to include as diverse a group as
possible. Table 3 lists the number of accessions that were
evaluated based on the different general types of cacao
included in this survey. The major types of cacao iden-
tified in this list include: upper, lower and unidentified
Forastero cacao, Criollo, Trinitario, hybrids, and cacao
of mixed or unknown origin.

Discussion

Theobroma cacao is an important economic crop plant
in many tropical countries, however, the genetic diver-
sity of the available germplasm has never been fully and
systematically characterized. Figueira et al. (1994) re-
ported the classification of T. cacao using molecular
markers but were not able to clearly distinguish between
Herrania and several other Theobroma species. This re-
port attempts to distinguish between the use of molec-
ular markers for identification of genotypes of T. cacao
by DNA profiling with SSR markers located in non-
coding regions of the genome. The International Cocoa
Germplasm Database published by the University of

Reading, England, lists over 14,000 accessions of
T. cacao that are held in world germplasm collections. It
was the intent of this study to evaluate SSR primers of
cacao to select specific loci to be utilized as standards by
scientists within the cacao global community. These
molecular markers will help to avoid duplication of
names, mislabeling, and to assess a preliminary genetic
diversity of the major cacao germplasm collections using
DNA fingerprinting techniques. To achieve this task, a
balance between the number of SSR primers used for the
study must be made in view of the large number of
samples to be processed. To address this issue, a
consortium of industry, academic, and government sci-
entists agreed to establish a common molecular probe-
based system using 15 SSR DNA primers that would be
accepted as international standards for T. cacao DNA
fingerprinting. A total of 60 potential SSR primers that
had been previously identified and described for cacao
(Lanaud et al. 1999) were pared down to 25 suggested
potential primers by the Centre de Cooperation Inter-
nationale en Recherché Agronomique pour le
Développement (CIRAD) research team using the cri-
teria of fragment size, reliability, and distribution on the
cacao genome (C. Lanaud, personal communication).
This study describes how these 25 primers were further
evaluated as candidates for the final selection of 15 loci

Fig. 1 This electrophoretogram shows the DNA fragment profile
characteristics of three SSR primers for different loci. The amplified
products, labeled with three different dyes, were multiplexed and
run concurrently in the CEQ 8000 for separation by capillary
electrophoresis. The DNA was extracted from the T. cacao
accession no. 19576, which is part of the germplasm collection
maintained in Costa Rica (CATIE). Alleles from three loci were
amplified as shown in this sample: The locus Y16986 (mTcCIR12)
is located on chromosome 4, the locus Y16988 (mTcCIR15) on

chromosome 1, and locus Y16985 (mTcCIR11) on chromosome 2.
The accession is homozygous for the 257 bp allele of the
mTcCIR12 locus, as evidenced by the presence of only a single
peak, indicating that both parental lines contributed the same allele
fragment (257 bp). The accession is heterozygous at the other two
loci, possessing both the 192 bp allele and the 218 bp allele at locus
mTcCIR12, and alleles sizes of 305 bp and 320 bp at the locus on
chromosome 2 (mTcCIR11, two peaks). The peaks in the graph
represent the internal size standards
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for international standards for cacao, based on the re-
sults we now report after screening of 691 cacao acces-
sions taken from three diverse germplasm collections.

In our hands, this DNA analysis procedure, coupled
with either capillary or gel electrophoresis, is a reliable
genetic analysis system for clarification of the correct
identity of cacao accessions. The list of loci and their
respective 176 alleles shown in Table 2 should be re-
garded as the basis for the identification of cacao
accessions. Although an attempt was made to select a
highly diverse population of cacao accessions to gener-
ate this allele list, we expect that additional alleles will be
identified as divergent cacao populations are evaluated.
Allelic variation at these 15 loci can be used to assess the
genetic diversity of T. cacao collections from world
populations. It is understood that detailed molecular
characterizations of the genetic nature of any single
accession or group of accessions may require the use of
additional molecular markers, however, this study
demonstrates that these 15 loci are capable of success-
fully identifying the correct genotype of cacao. Intensive
genetic analysis of siblings, some of which were done in
this study, may be difficult to fully characterize with only
15 loci regardless of which primers are utilized. In many
cases within this study, samples thought to be closely
related, or even duplicates, were not shown to be closely
linked by the genetic analysis. Unexpected results of this
type are not indicative of the poor performance of the
DNA fingerprinting technique utilized in the study, but
were recognized as mislabeled accessions. This factor
alone strengthens the justification for a core set of DNA
probes to be utilized for the genetic characterization of
T. cacao germplasm collections.

To verify the utility of these primers in other labo-
ratories using different DNA analyzers operated by
other researchers, the Trinidad Cocoa Research Unit
provided eight samples of T. cacao cultivars for verifi-
cation testing to several independent cocoa researchers.
The Pennsylvania State University Cocoa Research Unit
under the direction of Mark Guiltinan recently pub-
lished this verification testing (Swanson et al. 2003).
They found that 11 of the primers were more than suf-
ficient to characterize each of the test samples to type,
however four of the SSR primers (mTcCIR40,
mTcCIR33, mTcCIR12, and mTcCIR6) were difficult to
amplify by common PCR techniques in use in their
laboratory. The same samples of T. cacao test cultivars
were also provided to the USDA, Subtropical Horti-
culture Research Station in Miami, Florida, where the
samples were subjected to a third set of independent SSR
analysis and all 15 primers were successfully amplified
and utilized for DNA fingerprinting (R. Schnell, per-
sonal communication).

Due to the large numbers of T. cacao accessions that
are available in global germplasm collections, the use of
high-throughput techniques for DNA fingerprinting
greatly facilitated analysis of samples. Multiplexing of
multiple samples in the same capillary electrophoresis
DNA fragment separation profile is an essential elementT
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of high-throughput analysis. To avoid any confusion or
overlapping peaks within a common run, only three loci,
each labeled with a different dye were used in each
common analysis within our study. Further, to avoid
potential cross dye contamination of data, the PCR
primers that were used to flank the loci were designed to
amplify alleles of different sizes with little or no overlap
of DNA fragment sizes. As shown in Fig. 1, this allowed
rapid identification of the DNA fragments sizes and
minimized miscalls in the scoring of allelic peaks. All of
the allelic DNA fragment sizes listed in Table 2 were
derived from analyses of T. cacao alone. Analysis of
germplasm in other species of Theobroma or other re-
lated genera should result in additional alleles not listed
in Table 2 if the primers were functional in those
divergent genetic lines.
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